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1. INTRODUCTION 

In processing, modern industries, and diverse operational situations such as automobile production, 
space missions, medical services, and packaging, robot manipulators have been widely used. The robot has the 
capability of treating complex tasks in hard environments and they are used in our life to decrease the charge 
of work. Various observer-based approaches have already been utilized for fault detection and isolation (FDI), 
and they are widely divided into two groups: Linear and nonlinear based observers [1]. Among the non-linear 
observers we find the fuzzy logic observer which has works in uncertain conditions and have an acceptable state 
estimation, but the reliability is the main drawback of this method. Feedback linearization observers are stable. 
They are, however, insufficiently robust [2], [3] the neural network learning approach has also been proposed. 
However, the observer’s utility does not ensure finite-time convergence. As a result, the NN-based technique’s 
performance is rather low, and this strategy is not resilient and steady in the face of system uncertainties and 
external disruptions [4]. As a result, the SM observer based has been used to overcome this problem [5]. 
However, the conventional sliding mode control (SMC) has a common disadvantage which is the chattering 
phenomenon. Various techniques were already presented to remove the dangerous chattering of SMC and 
get higher convergence accuracy. The higher-order sliding mode (HOSM) techniques were refined and used 
to real-world scenarios. HOSM works with discontinuity control that operates on the HO time derivative by 
shifting the control’s transitioning to higher derivatives, unlike regular SMC. As a result, the control signal gets 
continuous, and the chattering is gone. 
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Some HOSM algorithms, such as the quasi-continuous [6], the suboptimal algorithm [7], or the super- 
twisting (STW) algorithm [8], have a basic issue in that they require utilizing the first time derivative of the 
sliding variable. This method is useful for reconstructing velocities from location data since it doesn’t require 
the time derivative of the sliding variable [9]. The super-twisting HOSM observer has two major benefits. First, 
it doesn’t require filtration to obtain accurate velocity estimates. Second, it allows for the use of comparable 
control characteristics to detect unknown inputs. For fault diagnostics in mechanical systems, the super-twisting 
second-order sliding mode observer (STW-SOSMO) were being employed [10]. Nevertheless, requires the 
employment of a low-pass filter since the unknown input is rebuilt from a discontinuous function. Utilizing 
the STW-SOSM observer necessitates the inclusion of a low-pass filter. In [10] we require a time delay and 
error for the deployment of the filter to reduce the problem of diagnostic achievement. To skill this issue, a 
STW-TOSM observer be used to provide an uncertain input estimation without filtration as well as precise 
theoretical velocity estimates for the system [11]. 

Even if there is a mistake, a modern robot manipulator should be able to finish the task. The system is 
therefore defined to be fault tolerant with regard to that defect, when it is able to automatically self-correct and 
effectively accomplish the given job, in order to increase system dependability and ensure control performance 
even if the system is afflicted by one or more errors. FTC is the term for this job. Overall, FTC technique can 
be classified into two types: active and passive methods [12]. To begin with, in passive FTC systems, a single 
controller is utilized for both the regular and fault cases, eliminating the requirement to identify and isolate 
the existence of a problem [13]. However, because this approach requires only a partial understanding of the 
system issue, its applicability in real-world applications is restricted. The active FTC system, which is based 
on fault information [13], is the second category. 

Various techniques for improving the FTC of robot manipulators in the face of defects, uncertainties, 
and disruption have been proposed in the literature. Intelligent learning methods have been proposed among 
them, however they may create a large number of weighted learning parameters, posing implementation chal- 
lenges [14]. SMC is one of the most reliable methods that has gained a lot of attention from researchers because 
of its robustness against uncertainty, disturbance, and quick transient response [15]. This strategy has been fre- 
quently used to correct for the uncertainty component in nonlinear systems in real-world situations [3]. This 
excellent feature of SMC was also used in the construction of the FTC system [16]. Traditional SMC, on the 
other hand, has a number of flaws that limit its use in FTC, such as the fact that it does not give finite-time con- 
vergence. Because it use a nonlinear sliding surface rather than a linear one, an SMC advancement renowned 
as terminal SMC (TSMC) was proposed as an effective technique to address this difficulty [17]. However, the 
aforementioned SMC or TSMC-based FTC is robust against uncertainties and faults when the system states 
are kept at a distance from the sliding surface; however, when the system states are kept at a distance from the 
sliding surface, the uncertainties and faults may damage the system dynamics. Integral SMC (ISMC) has been 
designed to solve the problem [18]. This technique, however, has disadvantages, such as a sluggish transient 
reaction, a high steady state inaccuracy, and chattering. A novel proportional integral derivative (PID)-based 
SMC, or its modified variant, dubbed SOSM area [19], has been researched and compared to the classic SMC 
to address these issues. The proportional-integral-derivative (PID)-based SMC has been proven to have numer- 
ous advantages, including lower inaccuracy in the steady-state, quicker transient response, and lower tracking 
error. For the purpose of removing chattering, a variety of methods have been studied. The first is to employ a 
boundary layer technique, in which the sign function is replaced with a saturation or sigmoid function. How- 
ever, due to the saturation function’s limit, this approach causes significant steady-state errors. Second, the 
size of the switching gain influences the amplitude of chattering; hence, employing a disturbance observer to 
estimate the disturbances is the best approach (DO). After using DO to compensate for the disturbance, The 
consequences of the system’s disruption have been greatly reduced. Therefore a decreased switching gain may 
be used to maintain the sliding mode’s current state. Only a tiny amount of chattering will result from this gain. 
The HOMS techniques are a third option. The benefit of this strategy is that it can minimize chattering while 
maintaining the SMC’s resilience [20]. 

A novel FDI and FTC method for a robot manipulator is given in this work, which uses a STW- 
HOSM controller and observer to adjust for both uncertainty and faults, resulting in quick convergence, high 
precision, and minimal chattering. For sensor defect detection and isolation, a super-twisting third order sliding 
mode observer (STW-TOSMO) is employed. The FTC system is designed using SMC after the first portion. 
An active FTC based on the STW-SOSMC was designed to provide good performance for the control effort 
outcomes, minimize chattering, and increase accuracy. The Lyapunov theory demonstrates the FTC system’s 
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stability and convergence. To prove the effectiveness of the proposed FDI and FTC methodologies, simulation 
results are then compared to results from other methods under sensor malfunctions. The suggested method 
outperforms existing methods under uncertainties, unknown external load disturbances, and sensor faults. 

The rest of this paper is laid out as follows. The problem statements are detailed in section 2. In 
section 3, we discuss sensor failure detection strategy and residual generation. The STW-TOSM observer is 
used to develop fault diagnostic methods (see section 4). In section 5, the proposed active FTC based on the 
STW-SOSM controller and the STW-TOSM observer is considred. To validate the efficacy of the suggested 
approach, the computer simulation results for a robot are presented in section refresults. Finally, in section 7, 
the conclusions are provided. 


2. PROBLEM STATEMENTS 
The equation indicates the robot: 


G = M(q)* (7 — Clq, 44) — Få) — GQ) — Ta) + B(E— Tiela dT) (1) 


where q, ġ, G € R” represent the joint position, velocity and acceleration vectors, respectively, M (q) € ROX) 
is the inertia matrix (symmetrical definite positive, thus, M(q)~! always exists), C(q,q) € RCX”) is the 
centrifugal and Coriolis matrix, G(q) € R” is the gravitational vector, F'(q) € R” is the vector of viscous 
friction torque at the joint,¢(q, g, 7) € R" is a vector of sensors, 6(t— Ty) € R” is the faults time profile where 
T's represents the faults occurrence time, and is expressed as (2). 


0 if t<Ty 


= ; (2) 
1—e-*(t— Ty) if t> T} 


pilt — Tj) = i 


Where y; > 0 represents the unknown fault evolution rate.A slow-developing fault, also known as an incipient 
fault, has a modest value of varphii. The profile of 6; approximates a a step function that simulates sudden 
faults. When y; — oo, 6; turns into a fully step function, and the incipient fault becomes an abrupt fault. In 
(1) can be recast as follows to make further design and analysis easier: 


with H (q, å) = C(q,q) + G(q), and A(q, g,t) = M~'(q)(F'(q)Ta) demonstrates the modeling uncertainty in 
the robot manipulator’s dynamic model. 

A STW-TOSM observer is investigated in this study for estimating system states and collecting resid- 
ual generation in order to acquire fault information for use with an active FTC method, specifically a STW- 
SOSMC to handle the impactsof ambiguities and defects. Figure 1 illustrates the design’s main concept. Next, 
the following hypotheses are made: 


— Hypothesis 1. Uncertainty in modeling is constrained in the following way: 
[M (a) (F (4) + rall = AG å, t) < A, (4) 
— Hypothesis 2. The unknown fault function has the following bounds: 
ISG aT) < 4, (5) 


with ¢ and A are a well-established stable. 


3. GOS SCHEME WITH SLIDING MODE OBSERVERS AND RESIDUAL GENERATION FOR 
SENSOR FAULT DETECTION 
3.1. Sensors fault detection strategy 
A total of n observers are employed to identify sensor faults, one per of sensor. generalized observer 
scheme (GOS) is the name of this method. Apart from the measurement from the i+» sensor, the input law 
of the 74; GOS observer is computed using each and every sensor output (Figure 1). That is, the 74, GOS 
observer’s input law has the 74, component equal to zero [21]. 
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Figure 1. GOS observer structure for a sensors 


3.2. Residual generation 
The state estimation error r(t) (Figure 2) can be calculated as [22]: 


r(t) = y(t) — g(t) 


m) 


1857 


(6) 


when there are faults on the sensors, the residuals are expected to differ from zero (r(t) = 0) when there are no 
problems on the sensors, and to be zero when there are no abnormalities on the sensors (r(t) # 0). As a result, 
the residuals for 2 = 1,...,5 are as (7). The residual fault signatures is shown in Table I. The residuals aren’t 


the same. 
ri = |q: — &| 


E Actual System m 
f omeners | 
eae 
: . 


Figure 2. Observer based residual generation 


Table 1. Sensor fault detection and isolation signature table 


di/ri rı r2 r3 Ta r5 
dı 0 1 1 1 1 
də 1 0 1 1 1 
ds 1 1 0 1 4 
d4 1 1 1 0 1 
ds 1 1 1 1 0 


4. FDI TECHNIQUE WITH STW-TOSM OBSERVER 


(7) 


The state observer and fault diagnostics use the same observer based on STW-TOSM observer is 


presented in this section. 
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4.1. FDI methodology 
With zı = q € R” and z2 = q € R”, the dynamics of the robot in can be written in state-space 
form as (8). 


tı = T2, 
tə = f (£1, £2, T) + Alar, £2, t) + B(t— Ty )o(@1, £2,T), (8) 
y = Tı, 


Where f(x1, 22,7) = M~'(q)[r — C (q, ġġ — G(q)]. An STW-TOSMO which from the aforementioned form 
is considered [23]: 


ro 


#1 = #2 + ag||a1 — ĉ1|| ° sign(a1 — £1) 


Ëo = f (£1, 22, T) + alfea = #o||!/* sign(41 = £2) + Žeq (9) 
Bag = agsign(£, — £2), 
where q; to be created is the SM gain. The state estimate error is defined by substituting (8) for (9). 
& = £2 — ag||x1 — #1||?/2sign(x1 — 21) 


& = d(x1, £2, #2) + A(x1, 22, t) + (£1, 22,7) (10) 
— ay||41 — #2||!/2sign(#1 — 22) — Seq 


Žeq = agsign(£1 — #2), 


where Le = xj, —2; (4 = 1, 2) and d(x, £2, £2) = f(a1, T2, T)—f(x1, £2,T). If we defined F(a1, T2, &2,T) = 
d(x1, 2, £2) + A(x1, v2, t) + O(a1, £2, T), based on hypotesis 1 and 2, there exists a constant f™ such that. 


F(a1,22,£2,7) < ft (11) 


According to the study in [23], the sliding gains should be set to alpha0 = 1.1f+,alphal = 
1.5(f+)1/2, and alpha2 = 1.9(f+)1/3 to ensure convergent and equilibrium. The estimating states 
(hatx1, hata2) converge to the true state (x1, 72) once the differentiator converges, Assuming the necessary 
equality conditions are met: 


1/2 


A(a1, #2, t) + (£1, 22,7) — oa||a — £2||'/2sign(a'1 — #2) — Zeq = 0. (12) 


the third term of (12) is equal to zero when the differentiator converges to zero. After that, the uncertainties 
and defects may be rebuilt as follows: 


Žeq = A (z1, £2, t) + (21, £2,T) (13) 


4.2. FDI decision 

The STW-TOSM EOI calculated in (9) was used as a residual to discover and isolate faults in this 
study. When t < Tp, the system is in normal functioning, according to (2h, 0(q,4,T7) = 0. Then we have 
Zeq = A(q,q,t) and Assumption 2 from (9). 


Pp = Aoi) < Å = zin. (14) 


The threshold is set such that the remnant can tell the difference between normal and abnormal operation. In 
normal operation, the residual zéq is always lower than zh, therefore z,h is selected as the threshold [24]. 
When a fault occurs, the residual 2. = A (£1, £2, t) + (q, ġ, T) > Zn, and the fault has been proclaimed. As 
a result, anytime the residual is present, the problem is recognized and isolated. (eq) exceeds the associated 
threshold (ztn). 


5. SM-FTC 

The proposed robust AFTC scheme by using SMC and STW-SOSM are created based on the FDI by 
using STW-TOSMO. The goal of the FDI is to obtained fault information and utilized for compensating the 
fault effect of robot manipulator system. Then, the SMC technique is replacing by STW-SOSM scheme to 
achieve and ensure the stability of the framwork, to compensate the error, to ensure finite time convergence, to 
obtain higher accuracy and reduce the chattering. 
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5.1. Fault estimation and SMC are being used active FTC 
Based on this method, the exposed active FTC is: 


U = Ueg + Uc + Us (15) 


where ueq is utilized to manage the nominal system and is designed as in (18). uc is the corrected uncertainty 
and fault using the STW-TOSM observer’s derived EOI. To correct for the STW-TOSM compensation error, 
us is utilized. The following are the parameters: 


Uc = —M (21) Zeq (16) 

us is designed such that. 
us = —M (xı )usign(s) (17) 
Ueq = M (21)(£a — A(#2 — ta) — 9 (21, £2)) (18) 


The sliding mode gain is v. The sliding surface’s derivative is now calculated using the control input 
as [25]: 


S = ë + àè 
= M~! (x1)(ueq + Uc + Us) + g(z1, £2) + A(21, £2, t) 
+ (z1, £2, U) — a + A(x2 — Ta) 
= M~"(a1)(us) — ĉeq + A(z1, £2, t) + O(21, £2, U) (19) 
= M~*(a1)(us) — (A(a1, £2, t) + (£1, #2, u)) 
+ A(x1,%2,t) + (21, £2, U) 
= —vsign(s) +e, + € 


where A(z, £2, t) and (x1, £2, u) are the predictions of inaccuracy and faults supplied by the STW-TOSMO 
EOL respectively, &ı = A(a1, £2, t) — A(a21, £2, t) is the uncertainty estimation error, and €2 = $(x1, %2,T) — 
ọla, £2, T) the estimation errors are limited, with 1 < €1 and €2 < €2, thanks to the STW-TOSM observer’s 
capacity to be resilient to uncertainties and defects. The sliding mode gain in (17) is selected so that v > 
||e1 + €2|| [26]. In order for the sliding surface s to converge to zero. The SM gains upsilon in the active FTC 
scheme (17) might be set to be considerably less since & < A and & < ¢. As a result, the chattering caused 
by (17) is considerably reduced. This indicates that when the fault diagnostic observer’s fault information is 
valid, the active FTC’s performance is good. 


5.2. Active FTC based on a STW SOSMC 

Even though the active FTC technique in (15) can minimize chattering by decreasing the switching 
period sliding gain, the classic SMC’s discontinuous sign function still produces chattering. An STW-SOSM 
controller is meant put back the traditional SMC in order to eliminate chattering and improve precision. The 
chattering is not abolished, but it is significantly reduced, because the STW method under the integral, there 
lies a discontinuous function. 

Starting from (19) with ueq and uc presented in (18) and (16), similarly, the sliding surface’s derivative 
dots may be expressed as (20). 


å = M71(a1)us + p(t, 21,22), (20) 


Where us, the control input, is designed based on the STW-SOSM controller and p(t, £1, £2) = €1 + €2 < 
€ + & = € is supposed to be a perturbation bounded term that is unknown. At this stage, the STW-SOSM 
controller’s stability might be proposed as (21). 


Us = —M (z1 )Ustw—sosm, 
|!/? sign(s) — 29, (21) 


Ustw—sosm = ky | |s| 


Z = —kgsign(s) 
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From (20) and (21), the closed loop error dynamics are given by (22). 

$ = —ky||s||/2sign(s) + z2 + p(t, £1, £2), 22 = —kzsign(s). (22) 
To ensure stability and convergence, the sliding gains are chosen as follows [8]: 


kı > 2g, 
5ky + 4€ _ (23) 


pee ee 
BPA ere) 


the sliding surface s also becomes stable and in a finite length of time merges to zero. 


6. SIMULATIONS AND RESULTS 

To confirm the prospective FDI’s capabilities, after the injection of an abrupt fault in the process, the 
fault is appeared in the sensors at T=15 s and the simulation of the system during the time of T=40 s. Figures 
3, 4, 5, 6, 7 show the residuals under the influence of the provided fault. As can be seen, the figures change 
from one another Each time, the residuals react in accordance with the fault characteristic matrix. Figures 8, 9, 
10, 11, 12 illustrate the true and estimated states of the STW-TOSM observer in the situation of sensor failures. 
As a result, we may infer that the issue has been properly identified and isolated. As a result, the STW-TOSM 
observer offers an accurate velocity estimation that is free of filtering. As a result, it is utilized as a residual 
for detecting and isolating defects. Finally, the suggested FDI techniques may produce good results when 
compared to the original state and the state predicted; as a consequence, the state estimate converges to the 
real state quickly, and the residuals are found to be zero. As a result, in a robot manipulator, these approaches 
discover and isolate sensor problems. 

In the second portion of the simulation, the performance of the recommended active FTC is displayed. 
The goal of the control system is to keep the trajectory on track xq = [%14, Vea, %3a, La; X5a]- When a failure 
occurs under the active STW-SOSM-FTC, the intended trajectories and joint angles for each joint of the robot 
manipulator are indicated in the Figures 13, 14, 15, 16, 17. We evaluated the suggested active FTC based on 
STW-SOSM (ASTW-SOSM-FTC) to the standard SM to demonstrate its superior performance. The active 
STW-SOSM-FTC outperforms the traditional SM-FTC in terms of performance. Figures 18, 19, 20, 21, 22 
show that chattering is decreased more with ASTW-SOSM-FTC than with traditional SM. As a result, the 
ASTW-SOSM-FTC offers excellent In the face of external disruptions and system uncertainty, fault tolerance 
and robustness are essential. 
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Figure 3. Residuals along with fault for the articulation 1 
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Figure 6. Residuals along with fault for the articulation 4 
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Figure 9. FDI on the second sensor. FDI with STW-TOSMO 
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Figure 10. FDI on the third sensor. FDI with STW-TOSMO 
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Figure 11. FDI on the fourth sensor. FDI with STW-TOSMO 
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— Reel signal for sensor joint q5 
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Figure 12. FDI on the five sensor. FDI with STW-TOSMO 
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Figure 13. The desired trajectories and the angle of the joint ’1’ for robot when a fault appears in the active 
STW-SOSM-FTC 
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Figure 14. The desired trajectories and the angle of the joint ’2’ for robot when a fault appears in the active 
STW-SOSM-FTC 
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Figure 15. The desired trajectories and the angle of the joint ’3’ for robot when a fault appears in the active 
STW-SOSM-FTC 


Int J Pow Elec & Dri Syst, Vol. 13, No. 3, September 2022: 1854-1869 


Int J Pow Elec & Dri Syst ISSN: 2088-8694 o 1865 


-15 i L L i i | 
0 5 10 15 20 25 30 35 40 


Figure 16. The desired trajectories and the angle of the joint ’4’ for robot when a fault appears in the active 
STW-SOSM-FTC 
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Figure 17. The desired trajectories and the angle of the joint ’5’ for robot when a fault appears in the active 
STW-SOSM-FTC 
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Figure 18. Comparaison between the active FTC by SMC and STW-SOSM for articulation 1 
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Figure 19. Comparaison between the active FTC by SMC and STW-SOSM for articulation 2 
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Figure 20. Comparaison between the active FTC by SMC and STW-SOSM for articulation 3 
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Figure 21. Comparaison between the active FTC by SMC and STW-SOSM for articulation 4 


Int J Pow Elec & Dri Syst, Vol. 13, No. 3, September 2022: 1854-1869 


Int J Pow Elec & Dri Syst ISSN: 2088-8694 o 1867 


— SM-FTC 
— Real signal for joint 5 
— STW-SOSM-FTC 


-2.5 L 1 l - - - - 
0 5 10 15 20 25 30 35 40 


Figure 22. Comparaison between the active FTC by SMC and STW-SOSM for articulation 5 


Finally, for both a healthy and a defective system, active FTC systems based on STW-SOSM have ad- 
equate performance and stability. As a result, ASTW-SOSM-FTC provides better accuracy, faster convergence, 
and no chattering. Advanced control methods for systems under the impact of parametric uncertainties owing 
to external perturbations, nonlinearities, and modeling inaccuracy have been well established in recent control 
development. SMC has attracted the attention of control engineers due to its benefits among the several robust 
control systems. Because of its unique features, such as insensitivity to matched uncertainties, lower order SM 
equations, zero error closed loop system convergence, and nonlinear control, it is used in a variety of applica- 
tions. SMC has expanded fast as a control in contrast to additional effective control methods. The STW-SMC 
outperforms the SMC and the disturbance observer plus neural-fuzzy network in terms of robustness. Figures 
18, 19, 20, 21, 22 most conventional nonlinear model reference controllers are less reliable than SMC, such 
as the feedback linearization approach, despite chattering in the face of uncertainty. As a result, STW-SOSM 
outperforms SMC in terms of robustness. 


7. CONCLUSION 

In this article, a two-step strategy for the robot manipulator system was suggested in order to avoid 
performance deterioration and harmful circumstances. The following are the main findings of this preliminary 
study: The STW-TOSM observer is used to build and describe a fault diagnosis technique in this article. The 
STW-TOSM observer uses comparable output injection to acquire the unknown input without filters. In order 
to estimate the residual signals, these characteristics were utilized as the residual for FDI. Furthermore, anytime 
the residual exceeds its associated threshold, a defect is recognized and isolated. Second, using a combination 
of the STW-TOSMO and the STWSOSMC, the researchers suggested an active FTC system. This FTC method 
could handle both the fault and the uncertainty, and it didn’t require any velocity measurements. Based on 
these findings and previous research, the Active STW-SOSM-FTC appears to be a potential option for reducing 
disturbances and system uncertainty. This technique can give a high level of fault tolerance and resilience. 
Based on the data provided in this work, the suggested fault tolerant control techniquehas better results in 
terms of quick reaction speed, lower tracking error, and better sensor fault compensation performance. 
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